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Chlamydiales possess a minimal but functional
peptidoglycan precursor biosynthetic and remodel-
ing pathway involved in the assembly of the division
septum by an atypical cytokinetic machine and
cryptic or modified peptidoglycan-like structure
(PGLS). How this reduced cytokinetic machine
collectively coordinates the invagination of the enve-
lope has not yet been explored in Chlamydiales.
In other Gram-negative bacteria, peptidoglycan pro-
vides anchor points that connect the outer mem-
brane to the peptidoglycan during constriction using
the Pal-Tol complex. Purifying PGLS and associated
proteins from the chlamydial pathogen Waddlia
chondrophila, we unearthed the Pal protein as a
peptidoglycan-binding protein that localizes to the
chlamydial division septum along with other compo-
nents of the Pal-Tol complex. Together, our PGLS
characterization and peptidoglycan-binding assays
support the notion that diaminopimelic acid is an
important determinant recruiting Pal to the division
plane to coordinate the invagination of all envelope
layers with the conserved Pal-Tol complex, even dur-
ing osmotically protected intracellular growth.
INTRODUCTION
Although cell division is universal, different proteins execute this
task in the two domains of life. The set of cytokinetic proteins
required for bacterial division are generally very conserved, and
overt sequence orthologs are encoded in most (eu)bacterial line-
ages. One notable exception is the Chlamydiales order, where
many (but not all) conserved division proteins are absent, sug-
gesting that Chlamydia and Chlamydia-related bacteria have
evolved a minimal division machine or that functional analogs
exist that do not resemble bacterial division proteins in primary
structure. Division normally begins with the assembly of
membrane-anchored cytokinetic platform at mid-cell to which
enzymes and regulatory/accessory proteins are recruited. This
multicomponent machine, known as the divisome, governs the
synthesis and remodeling of the cell wall (the peptidoglycanChemistry & Biology 22, 1217–122[PG]) at the division site. The main organizer of the cytokinetic
platform in most prokaryotes and many eukaryotic organelles is
the protein FtsZ, a homolog of tubulin (Kirkpatrick and Viollier,
2011; Miyagishima et al., 2014). FtsZ assembles in a ring-like
structure (Z ring) at the septum, and recruits a multitude of pro-
teins (Fts proteins) responsible for the new synthesis and modifi-
cation of the PG layer. The cytoplasmicmembrane alongwith the
PG layer and outer membrane invaginate in a concerted fashion
through the force exerted by the divisome (for review, see Jacqu-
ier et al., 2015). Interestingly, all Chlamydiales lack a sequence
homolog of FtsZ, the usual organizer of bacterial division (Jacqu-
ier et al., 2015; Miyagishima et al., 2014). However, ancillary pro-
teins such as the bacterial actin homolog MreB and RodZ (a pro-
tein binding MreB at the membrane) are encoded in chlamydial
genomes and have been localized to the septum early in the divi-
sion phase and MreB inhibitors such as MP265 impair division,
suggesting that chlamydial division relies on an alternative divi-
sion mechanism (Frandi et al., 2014; Jacquier et al., 2014; Ke-
mege et al., 2014; Miyagishima et al., 2014).
Members of the Chlamydiales order are very diverse in
morphology and biosynthetic capacities (Omsland et al., 2014),
but they all divide by binary fission (for review, see Jacquier
et al., 2015). These obligate intracellular bacteria present a
unique biphasic developmental cycle: elementary bodies (EBs)
are infectious, non-proliferating, and can survive outside of
the host cell, and reticulate bodies (RBs) are non-infectious,
proliferating, and metabolically highly active. The Chlamydiales
order comprises the well-known family of Chlamydiaceae
and the more recently discovered Chlamydia-related bacteria.
Chlamydiaceae include several important human pathogens
such as Chlamydia trachomatis and Chlamydia pneumoniae,
which are the causative agents of trachoma, genital tract
infections (C. trachomatis), and respiratory tract infections
(C. pneumoniae). On the other hand, some Chlamydia-related
bacteria are emerging pathogens and have been found in very
diverse niches ranging from amoebae to bovine placenta
(Amann et al., 1997; Collingro et al., 2005; Corsaro et al., 2009;
Goy et al., 2009; Henning et al., 2002; Kahane et al., 1995; Lie-
nard et al., 2011; Rurangirwa et al., 1999; Thomas et al., 2006).
Waddlia chondrophila, a Chlamydia-related bacterium, has
been associated with abortion in mammals and miscarriage in
humans (Baud et al., 2007, 2011, 2014; Dilbeck et al., 1990; Hen-
ning et al., 2002).
Recently a PG-like sacculus was purified from the Chlamydia-
related bacterium Protochlamydia amoebophila (Pilhofer et al.,7, September 17, 2015 ª2015 Elsevier Ltd All rights reserved 1217
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Figure 1. Known Cell Wall Hydrolytic Enzymes Liberate Cell Wall
Fragments from W. chondrophila
Vero cells infected with W. chondrophila in the presence of the indicated
antibiotics were harvested 28 hr p.i. andwashedwith PBS. Bacteria were heat-
inactivated at 95C for 1 hr. The bacterial cell wall was isolated and digested
with mutanolysin (A), MltA (B), and CwlT (C–E). Cell wall fragments were
separated by HPLC. (a, b, c, d, e and f) peaks showing a decrease after
treatment with penicillin or phosphomycin, with percentages shown in red.
1218 Chemistry & Biology 22, 1217–1227, September 17, 2015 ª2012013) but not from Simkania negevensis, while in Chlamydiaceae
a PG-like structure (PGLS) may form at the division septum
(Brown and Rockey, 2000; Liechti et al., 2013). In earlier studies
we showed that biosynthesis of PG precursors is required for
proper localization of the septal proteins RodZ and NlpD in
W. chondrophila (Frandi et al., 2014; Jacquier et al., 2014),
although it was not tested whether W. chondrophila produces
a septal PGLS.
All chlamydia are diderm bacteria, necessitating a mechanism
to draw in the outer membrane along with the invaginating inner
envelope layers. PG-binding lipoproteins such as Pal are dedi-
cated to this, and a Pal-like protein is encoded in the same locus
as the coding sequences for the components of the Tol system in
Chlamydiales (Jacquier et al., 2015; Sturgis, 2001). The Tol-Pal
complex is necessary for proper invagination of the outer mem-
brane during division (Gerding et al., 2007). Pal of Escherichia
coli possesses an N-terminal cleavable signal sequence, for
export into the periplasm followed by a cysteine. This cysteine
is lipidated and thus serves to anchor the protein to the inner
leaflet of the outer membrane (Cascales and Lloubes, 2004; re-
viewed in Godlewska et al., 2009). TolB is located in the peri-
plasm, interacts with Pal, and seems to regulate the association
of Pal with PG (Bouveret et al., 1999). The other members of the
Tol-Pal complex are the inner membrane proteins TolA, TolQ,
and TolR, which interact through their transmembrane domains
(Cascales et al., 2001). These two subcomplexes (Pal-TolB and
TolAQR) are connected through an interaction between TolA
and TolB (Walburger et al., 2002).
Reasoning that the Tol-Pal complex may play an important
role in division, envelope integrity and, thus, pathogenesis in
Chlamydiales, we set out to investigate the septal localization
and PG-binding properties of chlamydial Pal-Tol. By purifying
PGLS from W. chondrophila, and recovering Pal with it, we
found that Pal can bind PG from other bacteria and that
W. chondrophila PGLS is required to recruit Pal to the division
septum. As homologs of other members of the Tol-Pal complex
are also recruited at the division septum, the function and prop-
erties of the Tol-Pal complex seem to be maintained across evo-
lution, including obligate intracellular bacteria of the chlamydial
phylum.
RESULTS
Isolation and Characterization of PGLS of
W. chondrophila
As PGLS could recently be isolated from the Chlamydia-
related bacterium P. amoebophila but not from S. negevensis
(Pilhofer et al., 2013), we wanted to investigate the existence
of a PGLS in W. chondrophila, another Chlamydia-related
bacterium. To detect PG components extracted from dividing
W. chondrophila cells, we performed high-performance liquid
chromatography (HPLC) following treatment with cell wall
hydrolytic enzymes, including those that act on peptide cross-
links. Cell walls were extracted from Vero cells infected with
W. chondrophila 28 hr post-infection (p.i.) as described, treated
or not with MltA, CwlT, or mutanolysin and fractionated by HPLC
(at Anasyn, Tuebingen, Germany). While treatment of cell walls
by digestion with mutanolysin, a muramidase, did not liberate
muropeptide fragments (Figure 1A), treatment with MltA, a lytic5 Elsevier Ltd All rights reserved
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Figure 2. Peptidoglycan Isolated from W. chondrophila Is Recognized by Nod1 and Nod2 Receptors
HEK cells expressing the hNod1 receptor (A) or the hNod2 receptor (B) were incubated with the indicated concentration (in mg/ml) of the following standards:
C12-iE-DAP (acylated derivative of iE-DAP), iE-DAP (D-g-Glu-mDAP), MDP (MurNAc-L-Ala-D-isoGln), L18-MDP (synthetic derivative of MDP), M-TriDAP
(MurNAc-L-Ala-D-g-Glu-mDAP), M-TriLYS (MurNAc-Ala-D-isoGln-Lys), murabutide (MurNAc-Ala-D-isoGlnOBu), TriDAP (L-Ala-g-D-Glu-mDAP), PGEco (PG of
E. coli), and PGSau (PG of S. aureus). The indicated concentrations (in mg/ml) of PGWch (PG of W. chondrophila) were used. Highest response is normalized as
100%. Error bars show SD of three independent experiments.transglycosylase (Lommatzsch et al., 1997) (Figure 1B), or CwlT,
a bifunctional N-acetyl-muramidase and DL-endopeptidase
(Fukushima et al., 2008) (Figure 1C), provided evidence for the
presence of PGLS. To confirm this notion, we repeated these
cell wall extraction experiments with W. chondrophila that had
been exposed to the PG synthesis inhibitors phosphomycin or
penicillin for 4 hr. The HPLC analysis revealed a reduction in
several peaks (a to f) normalized to the total of all the peaks of
the sample (Figures 1D and 1E), confirming that liberation of
these fragments depends on the PGprecursor biosynthesis (lipid
II, executed by MurA) and/or PG-like transpeptidation (executed
by penicillin-binding proteins) that can be inhibited by phospho-
mycin and penicillin, respectively.
As muropetides can be detected by human Nod receptors, we
tested whether the material extracted fromW. chondrophila can
induce the hNod1/2 reporter system in HEK-Blue cells express-
ing the hNod1 or hNod2 receptors, as described in the Supple-Chemistry & Biology 22, 1217–122mental Experimental Procedures. We showed using this test
that W. chondrophila PGLS is recognized at rates comparable
with those of E. coli PG (Figures 2A and 2B).
Co-purification of PG-Binding Proteins
We next sought to identify chlamydial PG-binding proteins by
co-purification withW. chondrophila PGLS. Such proteins might
provide important insight into PG biosynthesis regulation, the
anchoring of PG to inner and outer membranes, and division
regulation. For this purpose, we again performed PG isolation
similar to that described above, but this time without proteolysis.
The resulting material was then either directly resuspended
in SDS-PAGE loading buffer or first washed with increasing
concentrations of SDS to remove contaminating proteins not
strongly bound to PG. SDS-PAGE followed by immunoblotting
revealed that one known PG-associated protein (AmiA) was
indeed present in these preparations (Figure 3A). Tandem7, September 17, 2015 ª2015 Elsevier Ltd All rights reserved 1219
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Figure 3. Pal Is Conserved among Chlamy-
diales
(A) Pal strongly binds to isolated PG of
W. chondrophila. PG was isolated from Vero cells
infected with W. chondrophila 28 hr p.i. in the
absence of proteolysis. Resulting material was
washed by incubating successively in 2% and 4%
SDS at 37C for 30 min. Samples of washes and
washed PG were then resuspended in loading
buffer and proteins were detected by western
blotting.
(B) Predicted domain organization of
W. chondrophila Pal: signal sequence (SS) and, in
green, OmpA-like PG-binding domain PF00691.
(C) The features of the OmpA-like PG-binding
domain are conserved. Amino acid sequences of
the OmpA-like PG-binding domain of PF00691
(ompAEco), PalEco, PalWch, and PalPacwere aligned
using MUSCLE. Amino acids are highlighted for
their conservation and charge. Point mutations
obtained and used in the experiments in Figure 2
are marked with asterisks.
(D) Tol-pal locus organization in W. chondrophila
(Wch), S. negevensis (Sne), P. acanthamoebae
(Pac), and C. trachomatis (Ctr). Ortholog proteins
were searched by bidirectional best hit using as
query W. chondrophila Tol-Pal protein sequences.
Arrow orientations do not represent the actual
strand orientation of the tol-pal locus in the genome.mass spectrometry (MS/MS) was then used to identify other PG-
associated proteins in these various samples (Tables S1 and S2).
We did not further investigate PG binding of candidates that lack
a secretion signal or are not conserved amongChlamydiales. We
assume that these proteins are either contaminants of the PG
preparation or that their PGLS binding has no physiological
significance, since they do not usually localize in the periplasm
and might bind to PGLS during the lysis of the bacteria. Two of
the identified proteins are conserved among Chlamydiales and
contain a predicted secretion signal: the homologs of the protein
translocase subunit SecA and the peptidoglycan-associated li-
poprotein Pal. This latter is of interest, because the lipoprotein
Pal is known to bind PG directly, is indirectly associated with
the inner membranes through the Tol complex in E. coli (Gerding
et al., 2007), and is conserved among Chlamydiales (Figures 3B
and 3C). W. chondrophila Pal (PalWch) is encoded in a gene
cluster with predicted genes encoding the Tol-Pal system (Fig-
ure 3D). Primary structure analysis showed that PalWch exhibits
49% identity to E. coli Pal (PalEco) and possesses an extended
N-terminal region of 80 residues. However, multiple alignments
indicate that residues important for Pal/PG interaction are
invariant in PalWch with respect to the wider family of Pal-related
proteins, which also comprises OmpA of E. coli (Figures 3B and
3C, asterisks).
Pal ofW. chondrophila Is Mainly Expressed in RBs
As expected for a chlamydial cell division protein, the PalWch
transcript was associated with the RB phase. We measured
transcript levels by RT-qPCR and normalized to rRNA through
the developmental cycle, and observed a peak of transcription
at 16 hr p.i. followed by a progressive decrease in mRNA levels
to 72 hr (Figure 4A). To confirm that PalWch is also associated1220 Chemistry & Biology 22, 1217–1227, September 17, 2015 ª201with the RB stage, we purified PalWch protein, heterologously ex-
pressed in E. coli, to raise polyclonal antibodies. The antibodies
detected a protein of 25 kDa (the predicted size of PalWch) by
immunoblotting as early as 16 hr p.i. (Figure 4B), which is consis-
tent with a putative role of Pal during the replicative phase of the
chlamydial developmental cycle in which RBs predominate.
Moreover, purified EBs exhibited only a very low ratio of Pal
compared with quantities expressed by RBs at 16 and 24 hr
p.i. (Figure 4B). We used immunofluorescence (IF) microscopy
to confirm the association of Pal with cell division. Serum taken
before immunization (pre-immune, Figure 4C) did not label any
structure in infected Vero cells. In contrast, serum harvested
after immunization recognizedW. chondrophila RBs specifically
(Figure 4C, arrow), but not EBs (Figure 4C, arrowhead). This was
not affected by permeabilization of EBs with a DTT treatment,
which reduces the disulfide bridges present between outer
membrane proteins in EBs (Figure 4C, +DTT), as shown for
C. trachomatis EBs (Raulston et al., 2002). Nevertheless, low
amounts of Pal might still be present in EBs, as observed by
western blotting, but could not be detected by immunofluores-
cence (Figures 4B and 4C). The presence of PalWch predomi-
nantly in RBs is consistent with the important role of PG and
PG-binding proteins during RBs division, as proposed earlier
(Jacquier et al., 2014).
Pal ofW. chondrophila Binds PG of Different Bacteria
PG binding of PalWch was then investigated both in vivo and
in vitro. First, we probed for the presence of Pal in the isolated
W. chondrophila PGLS (used for MS/MS) by immunoblotting,
and found this to be the case. In fact the association of PalWch
to PGLS was very strong and only removed by boiling in SDS-
PAGE buffer but not by washes in 2% or 4% SDS (Figure 3A).5 Elsevier Ltd All rights reserved
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Figure 4. Pal Is Transcribed and Expressed in W. chondrophila
(A) Transcription of Pal is maximal 16 hr p.i. RNA was extracted from Vero
cells infected with W. chondrophila at the indicated time points p.i. Pal RNA
was then quantified by qRT-PCR and normalized by comparison with the
16S rRNA. Error bars represent standard deviations of two independent
experiments.
(B) Pal protein is expressed in W. chondrophila. Antibodies raised against
purified heterologously expressed Pal recognize a protein of 29 kDa in protein
Chemistry & Biology 22, 1217–122This is consistent with the putative OmpA-like PG-binding motif
found in PalWch and in Pal of other chlamydial lineages (Figures
3B and 3C), and its genetic linkage to other genes encoding pu-
tative PG biosynthesis and remodeling enzymes (Figure 3D). To
determine whether recombinant PalWch can indeed bind PG
in vitro, we purified His6-tagged Pal
Wch from E. coli to conduct
pelleting assays with purified sacculi (polymeric PG) from various
bacterial species with different structural characteristics. E. coli
PG is characterized by the incorporation of modified amino
acids, such as mDAP (g-meso-diaminopimelic acid), as in
most Gram-negative bacteria, whereas PG from Gram-positive
bacteria, such as Bacillus subtilis and Staphylococcus aureus,
have mDAP replaced by D-isoglutamate or L-lysine. Therefore,
we used sacculi from E. coli, B. subtilis, and S. aureus as a tem-
plate as well as purified PGLS material from W. chondrophila.
His6-Pal
Wch partitioned exclusively with the E. coli PG pellet in
the insoluble fraction after ultracentrifugation, whereas it was
in the soluble fraction in the absence of sacculi (Figure 5A).
His6-Pal
Wch exhibited weaker PG binding to B. subtilis and
S. aureus sacculi, as indicated by the fact that His6-Pal
Wch was
found in both fractions when equimolar amounts of sacculi
were added. As expected, His6-Pal
Wch was also precipitated
by the addition ofW. chondrophila PG (Figure 5B). Since PalWch
also features the OmpA-like PG-binding domain present in other
Pal orthologs, we hypothesized that conserved residues in the
OmpA-domain are required for PG binding of PalWch. To further
characterize the binding of PalWch to PG, we generated a His6-
PalWch mutated variant (i.e. His6-Pal
Wch D180A/R195A) in resi-
dues conserved in the OmpA-like PG-binding domain. Purified
His6-Pal
Wch D180A/R195A was detected in the soluble fraction
in both the control reaction (no murein) and the pelleting assay
with E. coli sacculi (Figures 5C and 5D). Since PalWch was
strongly associated with the isolated W. chondrophila PGLS,
we wanted to determine whether this strong association with
murein is also maintained in vitro. His6-Pal
Wch was released
from the insoluble pellet fraction after the first and second
washes with 4% SDS (W1 and W2, Figure 5D), suggesting that
other proteins might participate to strengthen the interaction of
PalWch with PGLS in vivo or that the PG isolation process we
used strengthened the binding of PalWch to PGLS.
Knowing that PalWch can bind E. coli sacculi in vitro and that
there are no established methods for genetic manipulation ofextracts of W. chondrophila-infected Vero cells at the given time points
by western blotting. An antibody raised against the whole inactivated
W. chondrophila was used as control (Wad). Corresponding bands were
quantified using ImageJ, and fold increase of Pal in comparison with Wad is
represented. Error bars represent the SD of two independent experiments.
(C) Pal expression is restricted to RBs. Pre-immune control serum and serum
harvested after immunization were used for immunofluorescence staining of
Pal. Only RBs (arrow) and not EBs (arrowhead) contain a detectable amount of
Pal. Addition of DTT to increase EB permeability does not increase EB labeling.
Scale bar, 20 mm.
(D) Pal localizes at the division septum in a PG- and MreB-dependent manner.
Vero cells infected by W. chondrophila were treated with the indicated anti-
biotic 2 hr p.i., fixed 24 hr p.i., and processed for immunofluorescence. Scale
bar, 1 mm. Enrichment of Pal at mid-cell was quantified, and results are pro-
vided in percentage for each condition. SD of two independent experiments is
also given. The few aberrant bodies (<10%) still exhibiting some accumulation
of Pal at mid-cell are likely aberrant bodies presenting some degree of
invagination at mid-cell. Arrowheads show foci of Pal accumulation.
7, September 17, 2015 ª2015 Elsevier Ltd All rights reserved 1221
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Figure 5. PalWch Binds PG In Vitro, and its PG-Binding Activity Can Be Measured in an E. coli System
(A and B) PalWch binds preferentially to Gram-negative PG in vitro. His6-Pal
Wchwas incubated with or without E. coli, B. subtilis, S. aureus PG, orW. chondrophila
PGLS. PG was then pelleted by ultracentrifugation and washed once with buffer. His6-Pal
Wch was detected by immunoblotting in the supernatant (S), the wash
fraction (W), and the pellet fraction (P). The size markers are indicated in kDa.
(legend continued on next page)
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W. chondrophila, we sought a suitable E. coli strain that could be
used as surrogate host for PG binding and/or functionality
testing with PalWch. Complementation experiments revealed
that, unlike E. coli Pal (PalEco), PalWch cannot correct the growth
defect of the E. coliDpalmutant onMcConkey medium (contain-
ing detergents such as the bile acid deoxycholate, to which the
Dpal mutant is sensitive). However, we isolated a spontaneous
Dpal suppressor mutant (DpalSupp) that can grow on McConkey
medium and observed that expression of PalWch was toxic
under these conditions (Figure 5E). Such toxicity did not occur
when PalEco was expressed at mild levels, but was also
conferred upon expression of another chlamydial Pal from
P. acanthamoebae, PalPac indicating that this activity is con-
served among Pal of the Chlamydia-related bacteria. Therefore,
as a means to functionally characterize chlamydial Pal using this
toxicity assay, we isolated two mutations (G177V and R237*,
introduction of a stop codon) in PalWch that prevent toxicity in
DpalSupp E. coli and that map to the OmpA-like PG-binding
domain, suggesting that PG binding is required for the activity
of PalWch in DpalSupp. To verify this result we used a double
mutant in two conserved PG-binding residues (D180A/R195A)
of PalWch by site-directed mutagenesis, and found that these
mutations also attenuated the growth defect of DpalSupp cells
harboring PalWch (Figure 5F). As immunoblots showed that
the mutant forms are stable (Figure 5G), we conclude that PG
binding by PalWch is also needed for its activity in vivo, at least
in a surrogate host, and thus that PalWch can bind PG in vitro
and in vivo. Interestingly, theDpalSuppmutant has lower amounts
of OmpA, an outer membrane protein, which interacts with PG,
and which thus might be involved in the sensitivity of this mutant
to PalWch (Figure S1).
The Pal-Tol Complex is Localized to the Division Septum
inW. chondrophila
To investigate the possible role of PalWch in chlamydial division,
we observed its localization in dividing W. chondrophila cells by
immunofluorescence microscopy. PalWch was highly enriched
at the division septum (in 56.9% ± 4.4% of dividing bacteria,
Figure 4D). This localization is dependent on the integrity of
PGLS, as treatment of infected cells with penicillin or phospho-
mycin 2 hr p.i. resulted in a partial (for penicillin, 30.7% ± 2.0%
of cells showed an accumulation of PalWch at mid-cell, Figure 4D)
or nearly total dispersion of PalWch from the mid-cell (for phos-
phomycin, 3.6% ± 5.1% of bacteria had an accumulation of
Pal at mid-cell, Figure 4D). Interestingly, PalWch localization is
sensitive to disturbance of MreB by MP265 (Figure 4D). This
is consistent with earlier results showing a role of MreB in the(C and D) Mutations in conserved residues (D180A/R195A) mapping in the Om
Immunoblotting with antibodies against His6-tag was used to reveal His6-Pal
Wch
fraction (P), and the supernatant of the E. coli cells lysate (L). The insoluble pellet
waswashed thrice with 4%SDS, and the resulting washing steps (W1,W2, andW
are indicated in kDa.
(E) Effect of palWch ortholog expression in Dpalsupp on McConkey supplemented w
to restrict the growth of Dpalsupp on McCG; conversely, basal level of PalEco sup
(F) Point mutations in the OmpA-like PG-binding domain of palWch prevent the le
(G) PalWch point mutants accumulate at levels similar to that of PalWchwild-type (W
1mM isopropyl b-D-1-thiogalactopyranoside to an OD = 0.1 and grown for 4 hr at
in the resulting cell extracts were detected by immunoblotting with anti-PalWch a
Chemistry & Biology 22, 1217–122divisome machinery recruitment in W. chondrophila (Jacquier
et al., 2014). Moreover, vancomycin and teicoplanin, two antibi-
otics targeting the d-Ala-d-Ala dipeptide, cause the formation of
aberrant bodies in W. chondrophila and have a strong effect on
Pal localization at mid-cell (Figures 4D, S2A, and S2B). Interest-
ingly, flavomycin, an antibiotic targeting PG transglycosylation
enzymes, shows no effect on W. chondrophila proliferation
(Figure S2A). We also observed an effect of vancomycin and
teicoplanin on the localization of other septal proteins, such as
MreB, RodZ, and NlpD (Figure S2C). It is noteworthy that disper-
sion of Pal from division septum was not complete after drug
treatment, since Pal foci were still visible (Figure 4D, arrow-
heads). These results imply that the PGLS of W. chondrophila
contains a d-Ala-d-Ala dipeptide, which is required for proper
organization of the division machinery.
TolA, TolB, TolQ, and TolR, the proteins forming in associ-
ation with Pal the Tol-Pal complex, are conserved in the
W. chondrophila genome. Transcription of all members of the
complex could be detected by qRT-PCR (Figure 6A), with a
maximum of RNA accumulating between 8 and 24 hr, consistent
with a role of the Tol-Pal complex in maintenance of the outer
membrane integrity during division. Members of the Tol complex
are apparently expressed slightly earlier than Pal, since they are
detected at 8 hr p.i. However, this might be explained by a lower
sensitivity of the qRT-PCR for Pal. Our results are thus consistent
with the presence of the genes coding for the Tol-Pal complex in
a single operon, since their general expression profiles are
similar. To investigate the localization of Tol proteins, we used
a construct allowing the expression of TolA and TolR fused
together. These proteins being relatively small, we assumed
that a combination of them would be more immunogenic. We
thus immunized rabbits against this fusion protein and raised
antibodies, which specifically recognize W. chondrophila by
immunostaining, since the pre-immune serum does not label
infected cells (Figure 6B). The protein(s) recognized by these
antibodies apparently localize(s) at division septum in a PG-
dependent manner (Figure 6C). This strongly implies an impor-
tant role of the Tol-Pal complex in division, which might be
conserved among all Chlamydiales.
DISCUSSION
Cell division in absence of a FtsZ homolog and a classical
PG is specific to a minority of bacteria, including anammox
Planctomycetes, other members, with Chlamydiales, of the
PVC superphylum. Interestingly, a PG sacculus was recently
detected in Planctomycetes (Jeske et al., 2015; van TeeselingpA-like PG-binding domain of PalWch abolish the binding to E. coli murein.
and the mutant variant in the supernatant (S), the wash fraction (W), the pellet
fraction resulting from the co-pelleting assay of His6-Pal
Wch with E. colimurein
3) were loaded on the SDS-PAGE gel without previous boiling. The sizemarkers
ith 0.5% glucose (McCG). Basal expression of PalWch and PalPac are sufficient
ports the growth of DPalsupp.
thal effect of wild-type palWch expression on McCG.
T). Overnight cultures were diluted in fresh LBmedia supplemented or not with
30C. ODwere measured at t = 4 hr and adjusted to 0.5 for all cultures. Proteins
ntiserum.
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Figure 6. Members of the Tol Complex Are
Expressed in W. chondrophila and Localize
to the Division Septum in a PG-Dependent
Manner
(A) Transcription of TolA, B, Q, and R is maximal
between 8 and 16 hr p.i. qPCR was performed as
explained earlier. Error bars represent standard
deviations of two independent experiments.
(B) TolAR antibody is specific. TolAR antibodies
were produced by immunization of a rabbit with a
TolAR fusion protein. Serum before and after im-
munization was used for immunofluorescence as
described earlier. Magnification 6303.
(C) Tol complex localizes to the division septum in
a PG-dependent manner. Immunofluorescence
was performed after treatment or not with the
indicated antibiotics. Scale bar, 1 mm. Arrowheads
point to the septal location of antibodies raised
against the TolAR fusion protein.et al., 2015) and Chlamydia-related bacteria (Pilhofer et al.,
2013). This indicates that, even in absence of FtsZ, PVC bacte-
ria still need a septal PG-like structure (Liechti et al., 2013),
which is apparently essential for proper chlamydial division
(Frandi et al., 2014; Jacquier et al., 2014), and should also
help coordinate the invaginations of the outer and inner mem-
branes. Interestingly, PGLS of Chlamydiales and possibly
Planctomycetes contain unconventional PG structures (Jeske
et al., 2015; Pilhofer et al., 2013; van Teeseling et al., 2015),
which might explain why they were not detected earlier. In
contrast to Chlamydiales, Planctomycetes possess transglyco-
sylation enzymes (Jeske et al., 2015; van Teeseling et al., 2015),
indicating that the structures and/or the synthesis of their PGLS
might be different.
Antibiotics targeting the PG biosynthetic pathway at dif-
ferent levels exhibited various effects on W. chondrophila
growth, demonstrating that PG precursors are mandatory for
W. chondrophila DNA replication (effect of phosphomycin on
replication and formation of aberrant bodies) and that PG trans-
peptidation is required for cell division but not for DNA replication
(no effect of vancomycin and teicoplanin on DNA replication, but
formation of aberrant bodies). Moreover, the lack of effect of fla-
vomycin on W. chondrophila proliferation might indicate that
transglycosylation might not happen in chlamydial PG, thus ex-
plaining the non-canonical structure of PG observed in Chla-
mydia-related bacteria (Pilhofer et al., 2013) and the absence
of genes encoding homologs of transglycosylation enzymes in
chlamydial genomes (Ghuysen and Goffin, 1999).
We found here that W. chondrophila Pal is able to bind PGs
purified from both Gram-positive and Gram-negative bacteria,
and PGLS from W. chondrophila, showing that the PG-binding
site of PalWch is not specific to a modified chlamydial PG. In
Gram-negative bacteria Pal specifically recognizes mDAP, a
modified peptide, which is a component of all Gram-negative
PGs (Parsons et al., 2006). By contrast, the PG of S. aureus,
which has no mDAP but a D-iso-glutamine, is less well bound1224 Chemistry & Biology 22, 1217–1227, September 17, 2015 ª2015 Elsevier Ltd All rightsby PalWch (Figure 4). This suggests that
PG of W. chondrophila contains mDAP,
as suggested by its seemingly functional
mDAP biosynthetic pathway encoded inchlamydial genomes (Jacquier et al., 2015). Moreover, potential
modifications of chlamydial PGLS are likely not required for bind-
ing of PalWch, since this protein efficiently binds to Gram-nega-
tive PG. Nevertheless, these modifications might play a role in
the resistance of the chlamydial PGLS toward degradation by
different lytic enzymes from the host cell. This would be consis-
tent with our observations that W. chondrophila PGLS is resis-
tant to mutanolysin digestion (Figure 1). The fact that cell division
inW. chondrophila can be inhibited with vancomycin or teicopla-
nin, drugs specifically binding to d-Ala-d-Ala dipeptides of the
PG, bolsters the findings that fluorescent d-Ala-d-Ala dipeptide
derivatives could be localized to the C. trachomatis division
septum (Liechti et al., 2013), that PG biosynthetic enzymes are
conserved among Chlamydiales (reviewed in Jacquier et al.,
2015), and that they are required for cytokinesis and assembly
of the septal division machinery in this phylum.
The septal localization of Pal in W. chondrophila is consistent
with its role in maintenance of cellular integrity during division, a
time when all three envelope layers must indent together (Fig-
ure 7). Outer membrane proteins might play an important role
in this process as anchoring site for septal PG and the sub-
sequent recruitment of the Pal-Tol complex. It would then be
of high interest to investigate the localization of such outer
membrane lipoproteins during chlamydial division. The Pal-Tol
complex was recently shown to be physically and functionally
connected to septal PG biosynthesis (Pbp1b-LpoB complex)
via the protein YbgF (CpoB) (Gray et al., 2015). This protein is
conserved in Chlamydiales (wcw_0348 in W. chondrophila) but
is not encoded in the Tol-Pal operon, and might play a role
in the coordination of outer membrane invagination and new
synthesis of PGLS, even in absence of chlamydial Pbp1-LpoB
homologs.
The discovery of a complete and functional Pal-Tol complex
in Chlamydiales is of highest interest in the field of drug devel-
opment because targeting this complex with specific inhibitors
might completely block the chlamydial division and disturbreserved
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Figure 7. Model of the Maintenance of Membrane Integrity by the
Pal-Tol Complex during Division
(A) Early organization of the division site.
(B) Early invagination and divisome organization.
(C) Late components of the divisome. OM, outer membrane; PG, peptido-
glycan; IM, inner membrane. TolA, B, Q, and R are depicted by their last
letter only.cell integrity. In addition, since the Pal-Tol complex of E. coli
mediates colicin sensitivity (Housden and Kleanthous, 2012),
the chlamydial Pal-Tol complex might also, by analogy, repre-
sent a specific target to allow the entry of anti-chlamydial
microbial peptides. Finally, given the immunogenicity of this
Pal-Tol complex and the importance of Pal in septic shock
caused by E. coli (Godlewska et al., 2009; Hellman et al.,
2002), the chlamydial Tol-Pal complex might be involved in se-
vere immune recognition leading to inflammation, as commonly
observed following C. trachomatis infection, whereby inflam-
mation is well known to induce the trachoma lesions (Burton
et al., 2011), as well as tubal infertility (Hvid et al., 2007), ex-
tra-uterine pregnancy (Daponte et al., 2012), and miscarriage
(Baud et al., 2008).Chemistry & Biology 22, 1217–122SIGNIFICANCE
This study identified the role of the Pal-Tol complex in chla-
mydial division, highlighting the importance of PG-binding
proteins in ensuring cell wall integrity during cell division
of distantly related descendants of the Gram-negative line-
age and, possibly, eukaryotic organelles, which possess a
minimal division machinery, lacking the main organizer of
bacterial division FtsZ, but maintaining a PG layer and PG-
binding proteins, which are essential for division. This is a
further step toward understanding the exact mechanism of
the division of these obligate intracellular pathogens.
EXPERIMENTAL PROCEDURES
Strains and Growth Conditions
E. coli strains and mutants were grown in Luria Bertani (LB) broth.
W. chondrophila ATCC VR-1470T was grown in the ameba Acanthamoeba
castellanii ATCC 30010 cultivated in 25-cm2 cell-culture flasks containing
10 ml of peptone-yeast extract-glucose medium incubated for 6 days at
28C (Jacquier et al., 2013). Cell suspension was then harvested and filtered
using a 5-mm-pore filter to purify bacteria from intact amoebae in the flow-
through. Strains, plasmids, and antibodies used in this study are described
in Supplemental Experimental Procedures.
Cell Culture and Bacterial Infection
Vero cells (ATCC CCL-81) were grown and infected by W. chondrophila as
described earlier (Jacquier et al., 2014). In brief, Vero cells were grown in
75-cm3 flasks containing 20 ml of DMEM supplemented with 10% fetal calf
serum at 37C in the presence of 5% CO2. Cells were diluted to 10
5 cells/ml,
grown overnight, and infected with a 2,000-fold dilution of W. chondrophila.
The infected cells were then centrifuged for 15 min at 1790 3 g, incubated
15 min at 37C, and washed once with PBS before addition of fresh media.
Cell Wall Analysis
Vero cells were infected as described above, collected 28 hr p.i., and washed
with PBS. 20 mg of infected cells (containing about 1010 Waddlia cells) were
collected by centrifugation for 10 min at 10,000 3 g and were incubated for
1 hr at 95C to heat-inactivate the bacteria. Cell wall isolation, digestion, and
HPLC was performed by Cecolabs, using a protocol adapted from de Jonge
et al. (1992a, 1992b). In brief, cells were boiled in SDS, and the cell wall was
harvested by centrifugation and broken with glass beads. Broken cell wall
was then digested with mutanolysin, MltA, or CwlT. The analysis was done
on aC18 column (MZ-Analysentechnik) on an Agilent 1200 system (Agilent) us-
ing a 150-min gradient from 5% to 30%methanol in sodium phosphate buffer.
Quantitative analysis of selected peaks was done by integration of the peak
area using the trapezoidal rule. The area of each peak was then used to derive
the ratio of cell wall components among the different strains, by normalizing
each peak area to the total of the peaks present in each HPLC analysis run.
Detection of Waddlia PG by hNod-Expressing Cells
Isolated Waddlia PG was tested using HEK-Blue hNod1 and hNod2 kits
(InvivoGen), following the manufacturer’s indications. In brief, 20 ml of stan-
dards and isolated PGwere added in 96-well plates to 33 105 cells expressing
hNod1 and hNod2, respectively, resuspended in HEK-Blue detection medium.
The suspension was then incubated for 16 hr and activation of Nod receptors
was detected at 620 nm using a FLUOstar Omega microplate reader (BMG
Labtech).
Characterization of PG-Binding Proteins by Mass Spectrometry
Cell wall of W. chondrophila was isolated as described above, but in the
absence of protease treatments. This cell wall was then washed by successive
boilings in 2% and 4% SDS. Samples taken before and after the washes were
analyzed by mass spectrometry (protein analysis facility of the University of
Lausanne, Switzerland). Ratio of peptide abundance between both samples7, September 17, 2015 ª2015 Elsevier Ltd All rights reserved 1225
was calculated, and proteins showing enrichment after washing were selected
as PG-binding candidates.
Murein Pull-Down Assay
PalWch-His6 was overproduced in E. coli Rosetta (lDE3)/pLys. Protein was pu-
rified by nickel affinity chromatography as described above, concentrated by
ultrafiltration in Amicon 3K columns (Millipore), and stored at80C in binding
buffer (20 mM Tris-HCl, 1 mM MgCl2, 30 mM NaCl, 0.05% Triton X-100
[pH 6.8]) containing 50% glycerol. A Bradford assay was used to determine
the protein concentration in each sample. E. coli, B. subtilis, and S. aureus
mureins (sacculi) were purchased from Anasyn and resuspended in binding
buffer at a concentration of 10 mg/ml. PalWch-His6 (6mg) was added to 1 mg
of murein in a total volume of 0.2 ml and incubated on ice for 30 min. Murein
from samples was collected by centrifugation using a Beckman SW55Ti rotor
at 303648 3 g for 30 min at 4C. Sedimented murein was resuspended in
0.1 ml of cold binding buffer and centrifuged again. Murein pellets were resus-
pended in 0.1 ml of cold binding buffer. The supernatant of the first centrifuga-
tion step (S), the supernatant of the washing step (W), and the pellet (P) were
analyzed by SDS-PAGE followed by immunoblot with anti-His6 antiserum
(1:2,000 dilution; Cell Signaling) (see Supplemental Experimental Procedures
for details).
Immunofluorescence Labeling
Immunofluorescence was performed as described previously (Croxatto and
Greub, 2010; Jacquier et al., 2014). Infected Vero cells on coverslips were fixed
by incubation for 5 min in ice-cold methanol for 5 min. Cells were then washed
three times with PBS and subsequently blocked and permeabilized for a min-
imum of 1 hr in blocking buffer (PBS, 0.1% saponin, 1%BSA). Coverslips were
then incubated with primary antibodies directed against bacteria in blocking
buffer for 1 hr at room temperature, washed three times with PBS supple-
mented with 0.1% saponin, and incubated for 1 hr with secondary antibodies
in blocking buffer containing DAPI (Molecular Probes). Coverslips were then
washed three times with PBS containing 0.1% saponin, once with PBS, and
a last time with distilled water, before they were mounted onto glass slides
using Mowiol as mounting medium (Sigma-Aldrich).
Confocal and Fluorescence Microscopy
Confocal microscopy pictures were taken using a Zeiss LSM 510Meta. Image
treatment and quantification were then performed using the ImageJ software
suite (http://www.macbiophotonics.ca).
qPCR
Infection was quantified by real-time PCR, as described by Jacquier et al.
(2014). Cells were resuspended by scrapping at different time points after
infection. Genomic DNA was extracted from 50 ml of cell suspension using
the Wizard SV Genomic DNA purification system (Promega) and eluted in
200 ml of water. 5 ml of DNA was then mixed with iTaq Supermix with ROX
(Bio-Rad), 200 nM primers WadF4 and WadR4, and 100 nM probe WadS2
(Goy et al., 2009). qPCR conditions were 3 min at 95C followed by 40 cycles
of 15 s at 95C and 1 min at 60C. Amplification and detection of the PCR
products were performed using a stepOne Plus Real-time PCR System
(Applied Biosystems).
RNA Extraction, cDNA Synthesis, and qPCR
RNA quantification was performed as described by Jacquier et al. (2014). In
brief, 500 ml of infected cells was harvested at the given time points and mixed
with 1 ml of RNA Protect (Qiagen). The suspension was then incubated for
5 min at room temperature and then centrifuged for 10 min at 5,000 3 g.
The resulting pellet was frozen at 80C. RNA was extracted from the pellet
using the RNeasy Plus kit (Qiagen). DNA was selectively digested by DNAse,
using Ambion DNA-free kit (Life Technologies).
cDNA was then reverse transcribed using a Goscript Reverse Transcription
System (Promega). qPCRwas performed on 4 ml of cDNAwith addition of 10 ml
of iTaq Universal SYBR Green mix (Bio-Rad), 4.8 ml of water, and 0.6 ml of each
specific forward and reverse primers targeting the 16S rRNA encoding gene
and the pal, tolA, tolB, TolQ, or TolR genes. Cycling conditions were 3 min
at 95C followed by 45 cycles of 15 s at 95C and 1 min at 60C. A stepOne1226 Chemistry & Biology 22, 1217–1227, September 17, 2015 ª201Plus Real-time PCR System (Applied Biosystems) was used for amplification
and detection of the PCR products.
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